We used two gametocidal (Gc) chromosomes 2C and 3C
INTRODUCTION
Barley (Hordeum vulgare) was domesticated in the Fertile Crescent about 8000 years ago and now is the fourth major cereal crop in the world after wheat (Triticum aestivum L.), rice (Oryza sativa L.), and maize (Zea mays L.) (Zhang et al., 2004) . Thanks to its diploid and selffertile nature, barley has been playing a major role of experimental material in the genetic and genomic studies of cereals. One of the objectives of such investigations has been to transfer alien genes from distantly-related species into wheat (Jiang et al., 1994) . By chromosomal engineering, Islam et al. (1981) produced six wheat-barley disomic addition lines for barley chromosomes 2H to 7H, and also Islam and Shepherd (2000) produced an addition line for chromosome 1H as a line carrying a pair of heteromorphic (the whole and long-arm) 1H chromosomes together with a pair of 6H chromosomes. In an attempt to transfer genes from barley to wheat using those barley addition lines, researchers obtained wheat-barley recombinant chromosomes induced by homoeologous pairing (Islam and Shepherd, 1992; Sherman et al., 2001; Murai et al., 1997; Taketa et al., 2005) . To identify a gene in barley, researchers constructed a high-density genetic map to narrow down the gene of interest as well as a BAC contig covering the candidate region by chromosome walking (e.g. Komatsuda et al., 2007; Edited by Minoru Murata * Corresponding author. E-mail: trendo@kais.kyoto-u.ac.jp 2008). Thus, the construction of detailed and correct chromosome maps is the key point for gene cloning. Various molecular markers such as expressed sequenced tags (ESTs) and others have been used to construct barley genetic maps for barley, which could be used to assess genes of interest. Sato et al. (2009) developed 10366 primer sets and constructed high-density barley genetic map with 2890 of the markers. However, genetic maps based on recombination value do not necessarily allocate genes and molecular markers to actual physical locations because crossing-over events are not distributed evenly along a chromosome (DeScenzo and Wise, 1996) . Therefore, cytological chromosome maps, which represent actual physical locations of markers, are invaluable to correct the distortion of genetic maps. Endo (1988 Endo ( , 1990 Endo ( , 2007 found that chromosome breakage occur in gametes lacking a gametocidal (Gc) chromosome, derived from related wild species of the genus Aegilops, when it is present in common wheat in monosomic condition. Endo and Gill (1996) produced deletion stocks of common wheat from plants with chromosomal structural changes induced by the Gc system, and the deletion stocks have proved to be useful in localizing genes and DNA markers to interval chromosomal regions between the breakpoints of two deletions (e.g. Qi et al., 2004) . Shi and Endo (1997 , 1999 established the Gc system in the wheat-barley addition lines, and to date researchers produced so-called barley dissection lines of common wheat carrying rearranged barley chromosomes and constructed cytological maps for barley chromosomes 3H with ESTs (Sakai et al, 2009 ), 5H with ESTs (Ashida et al., 2007) , and 7H with AFLPs and STSs (Serizawa et al., 2001) , with AFLPs and SSRs (MasoudiNejad et al., 2005) and with ESTs .
In this study, we focused on barley chromosome 4H that encodes agronomically important genes such as Alp responsible for Aluminum tolerance (Tang et al., 2000; Wang et al., 2007) and int-c responsible for lateral spikelet fertility (Komatsuda and Mano, 2002) . We induced structural rearrangements in the 4H chromosome added to common wheat by the gametocidal system, established dissection lines carrying rearranged 4H chromosomes, and constructed a cytological map with barley-specific EST markers. We compared the cytological and genetic maps of chromosome 4H.
MATERIALS AND METHODS

Plant materials
We selected plants carrying rearranged 4H chromosomes in the progeny of two common wheat (Triticum aestivum L., 2n = 6x = 42, genome formula AABBDD) lines disomic for barley (Hordeum vulgare L. cv. Betzes, 2n = 2x = 14, HH) chromosome 4H and monosomic for gametocidal chromosome 2C or 3C SAT . Shi and Endo (1999) produced one of the lines from a cross between the disomic 4H addition line of a common wheat cultivar Chinese Spring produced by Islam et al. (1981) and the disomic 2C addition lines of Chinese Spring produced by Endo (1988) . We developed the other line carrying a pair of the same 4H chromosomes and the 3C SAT chromosome. We also used, as controls, euploid Chinese Spring wheat and wheat-barley disomic addition lines for 4H, 4HS and 4HL ('S' and 'L' stand for the short arm and long arm of the chromosome, respectively) produced by Islam et al. (1981) . These wheat materials are available at National BioResource Project-Wheat (NBRP-Wheat) (http://www.nbrp.jp/report/ reportProject.jsp?project=wheat).
Cytological screening
We simultaneously conducted fluorescence in situ hybridization (FISH) using the probe of the HvT01 sequences, specific to subtelomeric regions of barley chromosomes (Belostotsky and Ananiev, 1990) , and genomic in situ hybridization (GISH) using the probe of the total barley genomic DNA to detect rearranged 4H chromosomes. The procedures of chromosome preparation and simultaneous FISH/GISH were as described by Sakai et al. (2009) . We also conducted sequential Cbanding and FISH/GISH, as described by Masoudi-Nejad et al. (2002) , to identify the breakpoints of rearranged 4H chromosomes in relation to the C-bands of chromosome 4H. We measured arm lengths and C-band positions with ten normal 4H chromosomes to draw an ideogram of the cytological map of chromosome 4H.
PCR analysis
We extracted DNA from leaves using DNeasy Plant Mini Kit (QIAGEN). We used 93 pairs of EST primers that had been assigned to chromosome 4H ) (see APPENDIX for primer sequences). We used 1 μl of DNA solution (ca. 30 ng/μl) as a template in the PCR mixture consisting of 4 μl of 5 × PCR buffer, 0.4 μl of dNTP (10 mM each), 1. . We conducted further screening in the progeny of plants that were identified to carry rear- SAT are the gametocidal (Gc) chromosomes used for the induction of rearragments in chromosome 4H. ** (s) and (l) indicate that the rearranged 4H chromsoomes with breakpoints in the centromere retained the whole or part of the 4HS and 4HL arms, respectively. Fig. 1 . FISH/GISH images of the normal 4H, 4HS and 4HL chromosomes and rearranged 4H chromosomes induced by the Gc system. The rearranged 4H chromosomes were numbered in the order of initial identification; therefore some numbers are missing. Those with the same numerals followed by "a" and "b" originated from the same plant. Except for the sequential C-banding and FISH/GISH images, the green signal represents the HvT01 repeats, the red signal the barley chromatin, and the blue stain wheat chromosomes. For the sequential C-banding and FISH/GISH, the green signal represents both the HvT01 repeats and barley chromatin, and red stain wheat chromosomes. Bar = 10 μm. Table 1 ). The FISH/ GISH analysis showed the positions of the breakpoints of the rearranged 4H chromosomes, in the centromere or in the chromosome arms, but did not reveal on which chromosome arm the breakpoints occurred. This is because chromosome 4H is almost metacentric (4HL/4HS = 1.19) and has the HvT01 FISH signals of similar intensity at both ends. We identified the breakpoint locations in the chromosome arms by sequential C-banding and FISH/ GISH or by PCR analysis (described below) or by both. The sequential C-banding and FISH/GISH analysis also showed that the 4HS telosome had a clear gap near the centromere (see Fig. 1 ).
PCR analysis of the dissection lines First, we checked the PCR amplification of the 93 EST markers in the control lines to confirm that the markers are specific to chromosome 4H as reported by Nasuda et al. (2005) , and found that 37 were located on the 4HS arm and 56 on the 4HL arm. Then, we conducted PCR analysis for the 60 dissection and four control lines using the 93 EST markers ( Table 2 ). The result of PCR analysis revealed the chromosomal locations of the breakpoints of the rearranged 4H chromosomes and also demonstrated complicated structural changes in some of the rearranged 4H chromosomes (Fig. 2) . Two rearranged chromosomes 4H-33 and 4H-35 had breakpoints in the 4HS arm and the centromere, and 4H-20 and 4H-38 had breakpoints in the 4HL arm and the centromere. Three pairs of rearranged chromosomes 4H-4a/4H-4b, 4H-5a/4H-5b and 4H-53a/4H-53b respectively originated from single chromosomes with breakpoints in the centromere, and two chromosome pairs 4H-45a/4H-45b and 4H-49a/4H-49b had common breakpoints, respectively, flanked by two markers k05011 and k04482 (see Table 2 ). Chromosome 4H-45b had an interstitial deletion lacking one marker k00659, and chromosome 4H-49a had a second breakage near the centromere in the 4HS arm. Chromosome 4H-18 appeared to be a telosome, but it lacked four proximal 4HS markers and had nine proximal 4HL markers (see Fig. 2 . An example of PCR analysis of the 60 4H dissection lines using an EST marker k00916. k03571 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03491 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00607 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00967 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01173 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03028 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00266 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00201 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04248 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02131 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00230 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02013 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01265 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04643 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02029 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01205 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00459 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01966 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02324 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02691 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00783 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03534 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01136 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03989 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02497 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04079 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k05011 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04482 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00924 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02798 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04569 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04594 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04626 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00659 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02249 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04362 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04424 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01318 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03395 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04028 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03103 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02431 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01060 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03200 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02220 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04548 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01419 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03423 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03071 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03198 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03529 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k02539 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00959 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03019 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03979 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03193 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04725 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01102 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01299 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01515 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04273 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04263 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04625 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k05090 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00073 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00999 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04747 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00693 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k04676 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k00516 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k01242 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03519 * * * * * * * * * * * * * * * * * * * * * * * * * * * * k03568 * * * * * * * * * * * * * * * * * * * * * * * * * * * k01410 * * * * * * * * * * * * * * * * * * * * * * * * * * * k03352 * * * * * * * * * * * * * * * * * * * * * * * * * * * k04926 * * * * * * * * * * * * * * * * * * * * * * * * * * * k05021 * * * * * * * * * * * * * * * * * * * * * * * * * * * k03985 * * * * * * * * * * * * * * * * * * * * * * * * * * * k04106 * * * * * * * * * * * * * * * * * * * * * * * * * * * k04456 * * * * * * * * * * * * * * * * * * * * * * * * * * * k05042 * * * * * * * * * * * * * * * * * * * * * * * * * * k04115 * * * * * * * * * * * * * * * * * * * * * * * * * * k03089 * * * * * * * * * * * * * * * * * * * * * * * * * * k00136 * * * * * * * * * * * * * * * * * * * * * * * * * * k04754 * * * * * * * * * * * * * * * * * * * * * * * * * * k00754 * * * * * * * * * * * * * * * * * * * * * * * * * * k00916 * * * * * * * * * * * * * * * * * * * * * * * * * * k01185 * * * * * * * * * * * * * * * * * * * * * * * * * * k01414 * * * * * * * * * * * * * * * * * * * * * * * * * * k03051 * * * * * * * * * * * * * * * * * * * * * * * * * * k04908 * * * * * * * * * * * * * * * * * * * * * * * * * * k01976 * * * * * * * * * * * * * * * * * * * * * * * * * * k04144 * * * * * * * * * * * * * * * * * * * * * * * * * * Table 2 and Fig. 1 ). The telosome-like morphology and the abnormal C-band pattern of chromosome 4H-18 implied the occurrence of three breakage events followed by an interstitial deletion in the 4HS arm and an inversion event involving a proximal 4HL segment including the centromere. By the FISH/GISH and PCR analyses, we identified 68 breakpoints in the 60 rearranged 4H chromosomes; 29 of them in the 4HS arm, 24 in the centromere, and 15 in the 4HL arm (see Table 1 ).
Cytological mapping of barley EST markers
Based on the result of PCR analysis, we assigned 37 EST markers to eight regions in the 4HS arm and 56 markers to ten regions in the 4HL arm that were flanked by the breakpoints of the rearranged 4H chromosomes (Fig.  3) . Each region contained one to 13 markers. We measured the C-band positions along the length of chromosome 4H, drew an ideogram of chromosome 4H (Fig. 3) and placed the 93 EST markers on the ideogram in rela- Fig. 3 . Cytological (on the left) and genetic (on the right) maps of chromosome 4H. The cytological map shows the breakpoints of the 60 rearranged 4H chromosomes relative to the C-band positions (indicated in percentage from the centromere) and the regions where the 93 EST markers fell. There was a gap between the two proximal C-bands in the short arm (indicated by dents) but they often merged. The genetic map shows the locations (cM) of the 38 EST markers (underlined) that were used in this study.
tion to the C-bands. In this way, we could speculate the portion of barley segments on the rearranged 4H chromosome arms better than by comparing the arm ratio of the intact and rearranged 4H chromosomes as conducted by Endo and Gill (1996) . The most distal faint C-band in the 4HS arm and the most distal small C-band in the 4HL arm measured 25.6% and 43.1% of the arm length from the telomere, respectively. Chromosome 4H-22 retained the faint 4HS C-band and chromosomes 4H-25 and 4H-27 had the small 4HL C-band (see Fig. 1 ). Therefore, 24 out of 37 4HS markers (64.9%) and 39 out of 56 4HL markers (69.6%) were located in the distal regions accounting for no more than 25.6% of the 4HS arm and for no more than 43.1% of the 4HL arm, respectively. This fact suggests that EST markers or genes on chromosome 4H were more abundant in the distal region than in the proximal region, as observed for other barley chromosomes (Künzel et al., 2000; Nasuda et al., 2005; Ashida et al., 2007; Sakai et al., 2009 ). This trend was more obvious in the subtelomeric regions. Chromosomes 4H-36 and 4H-15 retained traces of the HvT01 sequences and lacked nine 4HS and 13 4HL makers, respectively; namely, 24.3% and 23.2% of the 4HS and 4HL markers were present in the small subtelomeric regions at both ends of chromosome 4H. The breakpoint of chromosome 4H-6 was distal to the third 4HL C-band from the centromere, and its dissection line had no PCR amplification for any of the 4HL markers. This indicated that there was no marker in the region proximal to the third C-band, accounting for no less than 35.8% of the length of the 4HL arm from the centromere (see Figs. 1 and 2 ). The 4HS EST markers were distributed from the subtelomeric to pericentromeric region. Chromosome 4H-31 appeared to be a 4HL telosome from the FISH/GISH image, but the dissection line carrying 4H-31 had PCR amplification of the most proximal marker k04424 on the 4HS arm (see Table 2 ). The Cband image of chromosome 4H-31 indicated that marker k04424 existed in the pericentromeric C-band (see Fig.  1 ). This marker may be useful for the analysis of the barley centromere.
Comparison of the 4H cytological and genetic maps Sato et al. (2009) constructed a genetic map of chromosome 4H of a barley cultivar Haruna Nijo using 341 EST markers. We employed 38 of them, which we also used in this study, to construct a concise genetic map and compared the genetic map with the cytological map of chromosome 4H of Betzes barley constructed in this study (Fig. 3) . In the genetic map, the 38 markers were distributed more or less evenly at 31 genetic distance positions along the chromosome of 258.8 cM. In the cytological map, however, the same markers fell into ten regions distal to the breakpoint of chromosome 4H-19 on the 4HS arm and distal to that of chromosome 4H-20 on the 4HL arm (see Table 2 and Fig. 3 ). Two markers k04482 (95.2 cM) and k03423 (101.6 cM) flanked the centromere with a distance of 6.4 cM (2.5% of the total genetic distance) but the actual length was no less than 30% of the chromosome because this region covers at least between the second 4HS C-band from the telomere and the third 4HL C-band from the telomere (see Fig. 3 ).
Although there was no marker in this pericentromeric region of the genetic map, there were 14 markers in the same region of the cytological map. This suggested a lower degree of sequence polymorphism and an increased DNA content per centimorgan in the proximal region of chromosome 4H. On the other hand, three markers k03571 (1.1 cM) to k00607 (27.6 cM) on the 4HS arm and seven markers k05042 (232.1 cM) to k00916 (258.8 cM) on the 4HL arm were confined in the small subtelomeric regions in the cytological map. Namely, the ten markers in the subtelomeric regions stretched 53.2 cM, covering 20.6% of the total genetic distance. This suggested that there was a higher degree of polymorphisms and a reduced DNA content per centimorgan in the distal regions. The order of the 38 markers is consistent between the two chromosome maps except for k03568 (171.1 cM) and k01242 (176.5 cM): In the cytological map k03568 was distal to k01242. Thus, there is no doubt that cytological maps are useful in mapping DNA markers, especially when combined with genetic maps.
